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Abstract - The 1996 HI TRAN dat abase i ncorporated an extensive
update of NO line parameters in the 5.3 pm region. Hyperfine |ines
associated with the O1 band up to J=46.5 were included and
accuracies were greatly inproved. Better air- and sel f-broadened
w dths were also included for a nunber of the infrared entries but
erroneously omtted for others. These changes, as well as the
conpl ete NO database, are critically reviewed. Recent results not
yet incorporated into the H TRAN database are described along with
ongoi ng studies and needs for corrections and future inprovenents.
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. | NTRODUCTI ON

Nitric oxide (NO is an inportant constituent of the Earth's
atmosphere. Nitric oxide together with No, play critical roles in
tropospheric chemistry because they act as catalysts in the
photochemical production of 0zone (Chameides and Walker;® WMO

Report No. 37,°chapt. 5). Tropospheric NO is produced by a
variety of sources, for exanple, surface-based anthropogenic
em ssions, lightning (particularly in the tropics), stratospheric

injections, aircraft emssions, and in situ photochem cal reactions
(Singh et al?). The primary natural source of NO in the
stratosphere is believed to be the reaction of o(*p) wwth NO
(Crutzen‘) . The downward transport of NO from the thernosphere and
upward transport of NO fromlightning are additional, inportant
natural sources of stratospheric NO (wMo Report No. 37,”Chapt.
6.2.1.2). Large anounts of thernospheric NO can reach the high
| atitude stratosphere during wi nter (Solonon et al®). In the
stratosphere, reactive nitrogen (NO+No,) iS inportant because it is
involved in catalytic cycles which directly destroy o, (WHO Report
No. 16, Chapt. 2.1.3).

Nitric oxide is also an inportant infrared radiator in the
t her mosphere owng to its fundamental band at 5.3 pgm (1876 cm'*) and
its first overtone band at 2.7 pwm (3727 em?). Nunerous infrared
observations Of thernospheric NO have been reported in the
literature since the md-seventies. The atnosphere above 80 kmis
not in local thernodynamc equilibrium Hence, a detailed nodel of
the steady state NO vibrational distribution and its dependence on
| ocal chem cal and radiative phenonena is required to nodel high
altitude em ssion spectra of the NO IR bands (Huppi and Stair;’
Rawlins et al*). Thernospheric NO has been neasured in the 5.3um
by a nunmber of recent satellite experinents, such as HALOE (Luo et
al;®* Russell et al1?) and 1saMs (Ballard et al;* Taylor et ai1?),
both on UARS . Successf ul quantitative nodeling of such
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observations also requires high quality spectroscopic paraneters
for the lines of NO up to high v and high J.

The infrared spectral parameters of NO have been an inportant
part of the H TRAN trace gases database since its inception, parts
of which have been updated a nunber of tinmes through the 1992
edi tion. In the 1996 HH TRAN update, all the lines of the
fundamental band (O 1) and part of the hot-band (1-2) lines of N0
fromthe 1992 edition were replaced by new |ines which include, for
the first tine, hyperfine structure (hfs) in vibration-rotation
bands, and provide significantly inproved |ine positions and
intensities. However , ot her spectral paraneters, such as
hal fw dt hs, were incorrectly incorporated for these updated |ines,
whil e |ineshape parameters for other sub-sets of 1992 |ines were

| npr oved. Al'so, some of the Av=2 bands (not updated) show |ine
intensity discrepancies that have been carried over since the 1982
edition. For these reasons, a detailed discussion of the 1996
HTRaN edition is preceded, in Section |l, by a review of the
devel opment of the NO line paraneters into the 1992 edition.

Section Il will present the nmore recent studies, with details for

those results that were incorporated into the 1996 edition.
Section IV will detail nmore of the recent and new NO studi es beyond
1996 H TRAN, and present recommendations for future editions of the
dat abase. Additional line parameters in the far IR and W will
al so be discussed. Most of the discussion will be organized by
spectral region, fromlong to short wavel ength

I'l. NITRI C OXI DE UPDATES I N PRE-1996 H TRAN

The NO pure rotation portion of the H TRAN dat abase was | ast
updated for the 1986 H TRAN edition (Rothnman et a1**)., |t contains
only the (OO band of N0, taken directly fromthe JPL catal og
(Poynter and pickett*) , and includes hyperfine structure. The



extensive update of the NO X11 - x* infrared |ine parameters in the
1982 HI TRAN dat abase (Rothman et al*®*) was based on the work of
Gillis and Goldman*-*” and contains the vibration-rotation sequences

Av=0,1,2, with v'=0, ..,6, and J,,<40.5 for N0, and v"=0 v'=1
for 1snio and N*0, with no hyperfine structure. Note, however,
that Gililis and Gol dnan” included additional isotopic NO species

and bands that were not incorporated into the H TRAN dat abase
(available by request from A Goldman). The hal fwi dths used for
all the bands were taken from the self-broadening results of Abels
and shaw'* (last colum of Table IIl there) . The NO paraneters have
been only partially updated since then (Rothman et al;** Brown et
al ;?* Rot hman et al®*!).

Subsequent to 1982 HI TRAN, infrared NO neasurenents and
anal yses have been conpleted by Anmot,”Falcone et al,?* Houdeau et
al,* Pine et al1,® Phillips and walker,* Hinz et al,* and Ballard
et al.?* The 1986 H TRAN version did not report any updates for NO.

In 1992 H TRAN the pure rotation lines (OO band remain those
fromthe JPL catal og (Poynter and Pickett!). It has been noticed
that in the quantum nunbers of the hyperfine conponents for these
lines, the .5 has been truncated from each r«val ue. The air-
br oadened halfwi dths remain the self-broadened hal fwi dths from
1982, all with tenperature dependence of 0.5, and without self-
br oadened hal fwi dt hs.

For the 1992 HTRAN in the infrared, the results of Ballard et
al*® were used to update the intensity of the fundamental and air-

br oadened i ndividual lines halfwdths for all infrared bands.
Thus, the 1992 H TRAN update for the fundanental (O 1) incorporated
128 lines (leading isotope only, main branch P lines having J up

to 13.5, and R lines with J up to 19.5) whose line intensities and
broadeni ng parameters were taken directly fromthe work of Ballard
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et al.*® The line intensities were taken fromthe “talc” values in
Table | there, and divided by two to yield the e/f conponent
intensities in the 1992 H TRAN listing. These lines include air-
broadened hal fwidth and self- broadened wi dth which are J and
branch dependent, and also show variations between the f=1/2 and
3/2 sub-bands. Ballard et al®** neasured the N,-broadened hal fw dth,
whi ch was assuned for the air-broadened halfwi dth and their average
value for the coefficient of tenperature dependence (0.71) was
assigned to all 128 lines in this subset. For all the remaining
Av=1 lines (3 leading isotopes), and all the Av=2 |lines (main
i sotope only), the J-dependent air-broadening paranmeters were
obt ai ned from unpublished values by Ballard (see Rothman et al®).
These halfwidths appear to be the result of snoothing and
extrapol ation to higher J of the data presented in Ballard et a1,
and no | onger have any dependence on either branch or sub-band.
Al these lines have been assigned the classical value of 0.5 for
the coefficient of tenperature-dependent broadening with no self-
broadened widths. Pressure shift information is not included for
any of the NO lines in 1992 H TRAN

I 1'l. RECENT WORK AND 1996 H TRAN UPDATE

The nmore recent works of Spencer et al,*:* Dana et al,* Mandin
et al,*, coudert et ai1,* and Saupe et al*provide significantly
improved line positions, intensities, and halfw dths for several NO
bands. Sonme of these results have been incorporated into the
H TRAN 1996 edition (Rothman et al®**). The NO data contained in
1996 H TRAN are summarized in Table 1. Tabl e 2 describes the
origin of these data, and sone of the relevant issues concerning
the 1996 update, which are discussed bel ow.

The pure rotation NO |ines remain unchanged in the JPL catal og
(Pickett et al”) and have not been updated for 1996 H TRAN. The



hal fw dt hs al so remai ned unchanged from 1992. The anal ysis by
Coudert et al*provided hyperfine constants, which have been
i mpl emented for line positions and intensities of the (O1), (1-2)
mai n i sotopes bands in 1996 H TRAN. Thus, the significant increase
in the nunber of lines in the (O1) and (I-2) bands from 1992
H TRAN to 1996 H TRAN is due to the hyperfine conponents. All the
(O1) main isotope lines from 1992 H TRAN (A-doubl ed) have been
replaced in 1996 HH TRAN with new |line positions and intensities
that take into account all the hyperfine conponents (Coudert et
al®). Now all the main branch lines include hyperfine structure.
In addition, the maxi mum value of J has been extended to 46.5. The
hyperfine conponent update has been perfornmed for only part of the
(1-2) band. The positions and intensities of the (1-2) satellite
lines have not been nodified. It is noted that the (l-2) band
Jax=35.5 in 1992 H TRAN has been reduced to J,,=31.5 for the (I-2)
hyperfine lines in 1996 H TRAN while the satellite lines retain
their 1992 H TRAN J range.

The conparison of the new (O-1) and (1-2) line positions in
1996 HI TRAN with 1992 HI TRAN can be done on the basis of Coudert et
al” A-doubling constants. The newy cal cul ated A-doubling line
positions differ (usually less than) fromthe 1992 values by 0.1 to
2.0 mk, depending on the band and the J-values. Discrepancies up
to about 5 mK exist for high J %I, - °0,, (I-2) lines (Dana et
al’) . The new line intensities are higher than the 1992 val ues by
‘2% in the main branches of the (O-1) band, and |ower by ‘8% in the
(I-2) main branch transitions. The line intensities are also |ower
by about 8% for the (O1) satellite lines. Accuracy indices of 4
were assigned for both frequency (2 0.0001 and < 0.001 cm*) and
intensity (2 10%and < 20% for these (O1) , (1-2) lines. However,
based on the convergence of the results from the different
| aboratories to within a few percent of each other, it is estinated
that the H TRAN intensity accuracy index* for the strongest |ines
IS 6 (2 2% and < 5%. I ndeed, the (O1) *N*o band intensity on



1996 HI TRAN (see Tables 1,3) is 4.593 x10'** cm'/ (molec-cm'?), which
is within 1% and 3% of the |aboratory values of (4.634%0. 14)x10-i
and (4.45+0.04)x10°** cm'!/(molec-cm®) reported by Spencer et al® and
Bal |l ard et al,?* respectively.

The positions and intensities of all the other infrared bands
were not changed from 1992 to 1996. A nunber of deficiencies found
in these bands will be discussed below, on the basis of the new

wor k by Goldman.?

It should be noted that in a fewlow J Q1lines hyperfine
conmponents are partially resolved in the atnospheric IR spectrum
such as in the Q(1/2),, transitions near 1876.1 cmi on the balloon-
borne 0.002 cm’ resolution solar spectra obtained by DU.  |n such
cases, the hyperfine conponents are inportant in nodeling the
observed |ine shape, as shown in a nunber of |aboratory spectra
(Pine et al;* Spencer et al?).

The weighted transition nonents squared (proportional to the

transition probabilities) for all the NOlines in the database have
been altered slightly in 1996 H TRAN due to an updated version of

the partition function (fromthe TIPS program Ganache et al”).
It should be noted that the partition function used had an
extraneous nuclear spin factor of M(21+1). For N0, this anmounts
t0 (2I(*N)+1) *(2I(**0)+1)=2I (*N)+1=3 as 1(*0)=0 and I(**N)=1 (nowto
be used as |). This constant factor does not effect the change of
line intensity wth tenperature, in which the ratio of the
partition functions is involved. However, in the process of
generating the weighted transition nonents squared from the |isted
line intensities (see Ganache and Rothman” for the general
fornulation of this paraneter), it was apparently assumed that the
| ower state degeneracy is always (2J+1)*(2I+1). This lead to
different errors in the database for transitions sets wth
different nerging of degenerate conponents. For exanple, for the



fine structure A conponents *N*p lines, the |listed values of the
wei ghted transition nonents squared are too |large by the factor of

2I+41=3 . In this case, (23+1) * (21+1) is the correct degeneracy but
the extra factor of 21+1 in the partition function cancel ed out the
2I1+1 termin the degeneracy. For the hyperfine lines and the

conbined A lines the degeneracy should have been (2r+1) and
2* (2J+1) *(2I+1), respectively.

Unfortunately, halfwidth revisions intended for the 1996
version were not uniformy applied, and even sone inportant
I nprovements from 1992 were lost. This occurred because duplicate
revisions submtted at different tines were nerged.

In 1994, one of the authors (L.rR. Brown) revised all w dths of
the infrared NO bands from the 1992 edition using recent
results.?®***-*” The N, W dths were either neasured or snoothed val ues
of the (O 1) band from Spencer et al.?® These neasurenents
involving P and R branch lines up to J=26.5 and Q branch |ines up
to 11.5, were applied with sonewhat different criteria depending on

the isotopes, e/f conmponents and sub-bands. The self-broadening
w dths were based on a snoothing by L.R. Brown of the Ballard et

al®”measurements that first appeared in the 1992 edition for sone
of the (O-1) lines. Pressure-induced frequency shifts in the (O1)
and (O-2) regions were based on averaged val ues reported by Spencer
et al 2 and Pine et al” respectively, -0.0017 and -0.004 cm*-atm
at 296 K The tenperature dependence of n=0.71 fromBallard et al*
was maintained. It should be reenphasized that the air-broadening
coefficients were determned only from N-broadening measurenents.

In 1995, portions of this updated list were overwitten by the
hyperfine prediction based on Coudert et a1* for the (O-1) and sone
of the (1-2) bands of the main isotope; however, in this second
revision, only default constants were applied for the w dths and
shifts (0.05 em?-atm?® at 296 K for air-, 0.0 for self-, and 0.0 for



shifts) , thus losing the J dependence given in the 1992 edition,
al t hough the tenperature dependence coefficient (n=0.71) was
mai ntained (see Table 2) . These om ssions can be readily corrected
(tables are available electronically fromL.R. Brown for this).

| V. FURTHER DEVELOPMENTS BEYOND 1996 HI TRAN

A number of recent studies have been dedicated to validation
of the NO line paranmeters. These are described below, along with
the progress in creating a nore conplete and self consistent data
set, applicable over w der spectral regions and atnospheric
measur ement s.

I ndependent hfs line paraneters calculations for the (O-1) and
(1-2) bands with Coudert et al” constants (A Col dman, unpubli shed,
1997; L.H. coudert, private conmmunication, 1997) confirm the line
positions within 0.0001 MHz. These calculations also confirm the
relative intensities of the 1996 H TRAN infrared hfs conponents.
However, the calculations also confirmthat the values of the
ground state energies (EM listed in 1996 H TRAN with the
transitions, were chosen (for sinplicity) as purely rovibrational
and do not take into account the hfs. Fortunately, the E" val ues
are off only in the 4th decimal, and will not cause significant
errors in calculating the tenperature dependence of the |ine
intensities.

Simlar calculations also reproduce well the 1996 H TRAN pure
rotation hfs I|ines. However, it has been concluded from these
calculations that the partition function used for these lines is at
T=300K, as in the JPL catalog** and not at the H TRAN 296K val ue.
Also, the JPL lines do not include the isotopic abundance factor.

The recent heterodyne neasurenents and anal ysis of Saupe et



al®* report inproved absolute accuracy for the energy |levels and
line positions in the fundanental band, and provide new
spectroscopi ¢ constants (including hfs) for v=0,1, applicable to J
val ues up to 38.5. Conparisons with 1996 H TRAN |ine positions
show that the 1996 HI TRAN (O-1) lines are consistently higher. The
differences increase with J, and reach -0.00008 em? in RR22 (16.5)
lines (J"=16. 5 is the highest in the 20, - L, transitions
tabul ated in the paper). The Saupe et al®* results should be
considered for incorporation into the next edition of the H TRAN
dat abase.

An extensive use of the recent advances in NO has been
descri bed by Goldman,* for generating new |ine paraneters with high
v,J for both pure rotation and vibration-rotation transitions in
X11. This update is a direct extension of the work on updating the
X0 lines of CH by CGol dman et al.** The new set for NO is conposed

of the Av=0, . . .,5 dipole allowed transitions between v=0, . ..,14 and
J up to 125.5, with lowintensity cutoffs, applicable to both
at mospheric and high tenperature research. In all, line paraneters

for 75 separate bands were cal cul ated; 15 pure rotation bands and
60 vibration-rotation bands. Figs. 1-4 show sanple results from
this update; Table 3. shows band intensities conparison of 1992
H TRAN, 1996 HI TRAN, and 1996 DU, to be di scussed bel ow.

In this work, the Hamiltonian constants of coudert et al®for
A-doubling were used for the rovibrational states of v=0,1,2 and
for all the line transitions between these states. The Coudert et
al® analysis covered J up to 41.5 for the (O1) lines and 23.5 for

(1-2). For the remmining bands, the Hamiltonian constants of
Anmi ot , “whi ch do not include A-doubling, have been used. These
include v=0,...,22 and J in the range of 59.5 (for v=0O to 35.5
(for v=22) . Thus , the new cal culations for high v,3 involve

significant extrapolation of the available spectroscopic data,
beyond the avail abl e spectral mneasurenents.
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The line intensity calcul ations are based on an inproved
calculational nethod for the vibrational-rotational wavefunctions
(Goorvitch and Gal ant; ¢ Chackerian et al**) and a comnbi nation of
the experimental and theoretical electric dipole nmonent functions
(EDMFs), (Chackerian, private conmunication, 1996). Figures 1-4
show several results fromthis work. Figures 1 and 2 show sel ected
Av, v’ line intensities sets. Figure 3 shows the type of EDMFs
studied, such as those by Spencer et al,?® cChackerian et al
(unpubl i shed) , and Langhof f et al .“* Figure 4 shows high v, high
J wavefunctions enployed in the intensity cal cul ations. The
derived intensities are significantly inproved conpared to those
avail able for use in 1982 H TRAN, as discussed by 6Gillis and
Goldman*® and are conpatible with the intensities assigned to the
updated (OG-1) and (l1-2) lines in 1996 H TRAN.

The intensity conparisons in Table 3 show that the agreement
of total DU band intensities wth 1996 H TRAN is very close (2% or
better) for the bands (OGO, (OI), (1-2) and (O-2). The rest of
t he bands show varyi ng degrees of disagreenent, as discussed in
Goldman,* from a conparison of total band intensity (s,.) and
maxi mum intensity (S..) of the new DU bands. Thus , for the (OO
band, the s,. values are nearly equal. The partial suns of the
hyperfine conponents for the given A conponent in 1992 and 1996
H TRAN show good agreement with S (DU). For the (o-1) and (I-2)
bands s, are also close; S (DU agrees with the 1992 H TRAN s S-
and with 1996 HITRAN's S,... For the (O2) band, both s,. and s,.,
are in good agreenent. The (1-3) lines (listed in H TRAN as
conbined lines, wthout the label e or f) show s.. in excellent
agreenent, but s,,(bu) is twice that of the H TRAN database. It
appears that in this case the factor of two is a coinci dence, and
the H TRAN dat abase retained an inconsistent line intensity
normalization, from gillis and Gol dman, ¢ of the (|1-3) lines with
respect to the (2-4), (3-5) and (4-6) lines; the (1-3) line
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intensities in H TRAN should be nmultiplied by 1.488. The (2-4),
(3-5) and (4-6) bands al so show disagreenent in both S,. and S,
but the adopted 1982 nornualization was consi stent. Again, the
H TRAN dat abase for these 3 bands lists only the conbined |ines,
with S,.(hitran)/s,. (DU) ‘O 8, and s, (hitran)/S,.(DU) ‘1.6. The
bands (2-3), (3-4), (4-5) in the HHTRAN |istings al so show conbi ned
A-components, except that here the doubled intensities yield

S.x(hitran) ‘2* s, (DU) , while s,.(hitran) 0.9 S,.(DU) . The
deficiency in the (1-3) band will be corrected in future H TRAN
editions. It should be noted that the |aboratory intensity

nmeasurenents of the (O 2) band by Pine et al*® yielded S =
7.57(+0.38,- 0.15) x 10” cm'*/(molec-cm®) vs. the pu calculated S
of 8.26 x 10 cm''/(molec~cm?). Laboratory measurenents of high
Av band intensity are available only for the (O5) band, as
reported by Lee and ogilvie.* Their value of S = (2.18 #0.11) x
10* cm!/ (molec-cm?) is significantly |ower than the pu cal cul at ed
value of 3.799 x 10” cm'!/(molec-cm?).

The recent hal fwidths study by Spencer et al”has extended the
previ ous works of Falcone et al,** Houdeau et al,? Phillips and
Walker,* Ballard et al?* and Spencer et al,* and provi ded (0-1)
band °m,,,, I, No~-N, hal fwidths wth tenperature dependence
coefficients. The 1996 H TRAN hal fw dt hs have not been fully
updated wth these val ues yet. Brown et al** used the Spencer et
al® halfwidths for the atMos NO A-doubling Iines. In the work of
Gol dman, % the results of Spencer et al* have been adopted for J up
to 16.5 for all bands, and single values for higher J' s have been
assumed. The correction to NO A r halfw dths was determ ned
assum ng Y’woasr = 0.79¥%02 + 0.21%%c.02 , With ¥°%.02(J) 0.05 based
On Houdeau et al.** The self-broadening (0 2) °*W,,, *IO,, hal fw dths
of Pine et al*® have been adopted, as they may be nore consistent
with the results of Spencer et al* than with Ballard et al.?*
Conpiling a set for the "best" hal fw dths values still requires an
addi tional study. A new study that has been conpleted recently
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provi des 0,-NO broadeni ng coefficients wth J and o dependence, as
well as e/f dependence for n=1/2 (chackerian et al”). These wl|
be used to replace the constant value 0.05 cm?atm* nentioned above.
It should also be noted that the pressure shift coefficients
provided by Pine et al” and Spencer et al?® have not been
incorporated into the DU database. Accuracy codes for the line
positions, intensities, and halfwidths have not been estimted yet.
[t is clear, however, that lines of wv'=0,1,2 and J'<50 have hi gh
position accuracy, of 0.0001 to 0.001 em*, and intensity accuracy
of 5 to 15% The 1996 DU line paraneters of NO have been
incorporated into the 1997 GEISA databank.‘

More recent infrared studies in progress include work on the
spectrumof NOin the first overtone region, using a series of FT
| aboratory spectra (V. Dana, J.-Y. Mandin and A. Barbe, private
communi cation, 1997). This study is dedicated to line intensities
and A-splittings in the (O-2) band for J val ues higher than those
of Pine et al1,*® to intensities and A splitting in the weak (I-3)

hot band, and to N,~-No and 0,-NO broadeni ng coefficients. The
results of the first part of this work have been accepted for
publication.” The newmy reported (O-2) line intensities are ‘5%

smal l er than those neasured by Pine et al.?

In the far infrared, it has been noticed that inportant
transitions have not been yet included in the database. The H TRAN
database in the far infrared includes only the electric dipole (cd)
main branch pure rotation XxM,,,(v=0) - X,,(v=0) , X,,,(v=0)"
X, ,, (v=0) transitions with the hyperfine structure (hfs).

[t is known that in addition to the above transitions, weak ed
and relatively strong nagnetic dipole (red) transitions occur in the
satellite branches of xI,,(v=0) - Xx,,(v=0) [Brown et al;*
M zushi ma et al;® saleck et al;®® saleck et al®]. Saleck et al®
provi de inproved anal ysis of N0 and *N**o pure-rotation (OO
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main branch lines with hfs, that has not been incorporated yet into
t he spectroscopi c databases. The ed satellite transitions are
“forbidden”, and originate due to the small nixing of the *M., °I,
states, simlar to those observed and studied in md infrared
X, ,, (v=0) - X,,(v=1) transitions since the work of James.”

The selection rules for electric dipole and nmagnetic dipole
are opposite in parity. The permanent electric dipole of NOis
quite small (u=0.15872D), and wavefunction mx ing is small, so
that the mda lines (allowed satellite transitions) are '20 tines
stronger than the corresponding (“forbidden” satellite) ed Iines.
The ma line intensity peaks at the Q branch near 124 cm?, where it
approaches the peak intensity of the main branch pure rotation ed
lines near 45 cm* Within a factor of 2. It is thus expected that
these md lines will be inportant in a nunber of applications.

We have therefore generated H TRAN style hfs |ine paraneters
for both types, to supplenent the standard HI TRAN | i nes. The
energy levels were calculated with the spectroscopic constants and
Ham I tonian formalism of Coudert et al.** The ed line intensities
were calculated in intermediate coupling. The ma line intensities
were so far calculated only in Hund's case (a) (Barrington et al;®
Brown et al; 50 saleck et al®) . Work is in progress with these lines
in the far IR atnospheric em ssion spectrum (I.G. Nolt, private
communi cation, 1997).

Wth the expansion of the H TRAN database to the UV, it is
inmportant that line parameters for the NOy band system (X *I - A
?z*) be added to the conpilation. As is widely docunmented in the
literature since the md-sixties, the y systemis promnent in the
m ddl e uv spectrum of the earth’s airglow, and has been providing
high altitude (80-200 km) distribution of NO for many years. The
y systemis also used (via fluorescence) for nmonitoring NOin air
pollutants. Sonme of the recent spectral parameters studies of the
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rotational transitions of the y system have been described by Ppaul®
(high v, high J calculations of positions and |ine strengths) , by
Wrodov et al® and pi Rosa and Hanson” (nmeasurenments of collisional
broadening and shifts). These spectral paraneters can be adapted
to the H TRAN dat abase. G her NO el ectronic band systens,
including the shorter Wé (X °11 - C *2*) and € (X *H - D *2') (sone
of which are also observable in atnospheric absorption solar
spectra) , are inportant in atnmospheric chem stry and physics, and
shoul d be considered in the future. For recent discussions, see
the review paper by Slanger and copeland® and the proposed ground-
based study of NO by Slanger and Kerr.®

v. CONCLUSI ONS

The 1996 H TRAN |ine paraneters update for NO provides a
nunber of inprovenents, which were, unfortunately, acconpanied by
some setbacks. of special significance is the incorporating of the
hyperfine line structure with inproved intensities for the (O 1)
and (1-2) bands, the loss of the individual halfwidths of the (O 1)
and sonme of the (1-2) lines, the intensity discrepancy (carried
over from previous editions) in the (I-3) band, and the [imted
coverage of isotopic |line paraneters. Ext ensi ve recent and new
results for the NO spectral parameters fromthe far infrared to the
W provide significant inprovenents to be incorporated in future
editions of the database.
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Legend for Tables

Table 1. Summary of all NO bands (part 1) and sub-bands (part 2)
for each isotope on 1996 H TRAN. The bands updated in 1996 are
foll owed by the previous, 1992, val ues, designated by

par ent hesi s.

Table 2. The origin of NOline paranmeters in the 1996 H TRAN
dat abase and rel ated issues.

Tabl e 3. Conparison of N©o XI(v",v') total band intensities and
maxi mum intensities in 1992 H TRAN, 1996 H TRAN, and 1996 DU
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Legend for Figures

Figure 1. Line intensities vs wavenumber fromthe 1996 DU set?*
at T=296 K for *N*0 X'11 pure rotation and vibration-rotation
transitions for Av=0, ...,5 wth v'=0,...,14, with J Up to 125.5.
Sat?lflite transitions are included. Plotted with 10-S intensity
cutoff .

Figure 2. Line intensity vs wavenumber at T=296 K for *N'o X°II
vibration-rotation transitions for Av=l with v'=3, . . 14 Anmiot”
constants with J up to 125.5. Satellite transitions are included.
Plotted with 10%* intensity cutoff (fromthe 1996 DU |line
paraneters set?).

Figure 3. Oongarison of electric dipole nmonment functions (EDMF)
used in the 1996 DU study.* The Spencer et al* EDMF (solid |ine)

and the Chackerian et al ((unpublished) EDWF (dotted curve), and
t he Langhoff et al - eow (dashed curve) .

Figure 4. Wavefunction overlap plots showi ng the upper |evel,
| ower level, and their product wavefunctions for the v=11~13 PP11
J"=124.5 transition (The a=1/2 conponent), as used in the 1996 DU

study.?¢
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Table 1. Summary of NO bands on 1996 HITRAN

la. Isotope ¥N3€0O (46), total band summary

Ve vy Vimin Umax #lines TS Smin Smax  Jmax
0.00000 0O-o0 0.00002 98. 43997 599 3.441E-20 1.280E-35 2.950E-22 295
1763.89421  5-4  1463.17330 2019.87770 416 7.675E-33 8.4G4E-43 2.040E-34 355
1791.85814  4-3  1488.86950 2050.21700 416 3.792E-29 3.800E-39 1.010B30 355
1819.85684  3-2  1514,60570  2080.57280 416 2.016E-25 1.840E-35 5.400E-27 355
1847.89817  2-1  1540.30870 2111.05110 2722 1.003E-21 7.887E-34 ©5.038E-24 355
(1875.8983)  2-1  1540.30870 2111.05110 831 1.081E-21 4.380E-32 1.450E-23 355
1675.98911  1-0  1487.36591 2188, 44755 6888 4.593E-18 1.114E-39 2.322E20 4G5
(1875 . 9593) 1-0  1566.15200 2141, 45503 833 4.532E-18 4.300E-29 6.040E-20 355
3499.84723  6-4  3177.86990 3732.23210 416 3.303E-34 9.809E-45 8.680E-36 35.5
3555. 75234  5-3  3231.55890 3790.57850 416 1.291E-30 3.320E-41 3.420E-32 355
3611.71498  4-2  3285.30650 3848.95850 416 5.435E-27 1.280E-37 1.440E-28 355
3667.75515  3-1  3339.13240 3907.39480 416 1.391E-23 3.020E-34 3.720E25 355
3723.88758  2-0 339297240 3966. 00070 832 8.079E-20 7.690E-31 1.090E-21 355
The total number of lines of the isotope N0 is13,953
Ib. Isotope N0 (46), sub-band summary

sub-band Vmin Vi ax #lines s Smin Smax Jmax

0 Xz - 0 X3/ 0.00002 97.22389 301 1.218E-20 1.280E-35 1.650E-22 28.5
0 Xy2 - 0 Xyp2 0.00687 08.43997 29s  2.222E-20 1.530E-31 2.950E-22 29.5
5 X3/2 -4 X3/2 1626.11170 1855. 89030 103 2.685E-33 7.360E-41 1.090E-34 35.5
5 Xy;2 - 4 x3/* 1463.17330 1691.40890 103 7.974E-37 8.4 64E-43 3.340E38 35.5
5 X320 - 4 Xiys2  1792.30260 2019. s7770 104 1.739E-36 2. 840E-42 7.180E-38 35.5
5 X2 - 4 X2 1629.36420 1S54.77110 10G 4.9 88E-33 3. GBOE-41 2.040E-34 35.5
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4 Xz - 3 X3/2
4 X2 - 3 Xgp
4 Xz - 3 Xyp2
4 Xy - 3 Xup2
3 Xsp2 = 2 Xgp2
3 Xi2 - 2 X3p2
3x32 - 2 Xy
3 X2 - 2 Xup
2 X3z = 1 Xgp2
(2 x3/2 "1 +3/2)

2 X2 1 Xz
(2 Xy2 1 ©3/2)
2 X3z - 1 Xyp2
(2X32 1 Xyp)
2 Xy - 1 X1/2
(2 Xyp2 -1 Xyp0)

1 Xa2 - 0 Xspo
(I X2 "°*3/2)
1 Xyp - 0 Xgp2
(1 Xy2 = 0 Xap)
1 Xsp2 - 0 Xapa
(1 X312 -0 Xyp0)
1 Xi2 - 0 Xype
(1 X2 "0 Xyp2)

GXapp - 4 X3
6 XI/Q 4 X3/2

1652. 5690 1865.19030
1488.86950 1719.609S0
1820.12240 2050.21 700

1656.13490 1S$4.02610

1679.63240 1914.51470

1514.60570
1847.96460
1682.93790

1724.36683
1706.43400
1540.30s70
1540.30s70
1875.77760
1875,77760
1727.43703
1709.77750

1681. 19055
1733. 30330
14s7. 36591
15 66.15200
1579. 02261
1903. 69740
16 $5.19629
173 G 7140

1747.84590
2080.57280
1913.30740

1935.55054
1943. s8590
1776.19330
1776.19330
2111.05110
2111.05110
1934.28638
1942.62150

1993.20160
1973.25430
1804.53175
1804.53270
21S8,44755
2141.45500
1992.06796

1971. 9890

3339.74S50 356 S.24400
3177.86990 3415. 18670

T1- 2

103 1.324E-29 3.280E-37 5.420E-31 35.5
103 4.003E-33 3.800E-39 1. G90E-34 35.5
104 8.734E-33 1.280E-38 3.620E-34 35.5
106 2.466E-291.650E-37 1. O1OE30 35.5

103 7.034E-26 1.570E-33 2.900E-27 35.5
103 2.164E-29 1. 840E-35 9.200E-31 35.5
104 4.720E-29 6.240E-35 1.970E-30 35.5
106 1.312E-25 8.020E-34 5.400E-27 35.5

1140
205
206
206
208
208

1168
212

3.496E-22
3.767E-22
1.175E-25
1.175E-25
2.562525
2.562E-25
6.528E-22
7.034E22

1710 1.600S18
205 1.5 85E-18
1720 5.145L-22
206 5.530E-22
1720 1.098E-21
210 1.2 05E-21
1738 2.991E-18

212

2.945E-18

7.887E-34 2. (88E-24

3.780E-30
4.380E32
4.380E-32
1.490E-31
1.490E-31
1.725E-33
1.950E-30

5.632E-35
1. GOOE-26
1.114E-39
1.870E-28
4.447s39
4.300S29
1.478E-34
8.200E-27

7.800E-24
2.520E-27
2.520E-27
5.390E-27
5.390E-27
5.038E-24
1.450E-23

1.238E-20

3.40E20
4.038E-24
1.190E-23
8.613E-24
2.550E-23
2.322E-20
6.040E-20

315
355
35.5
35.5
355
355
315
35.5

46.5
355
46.5
355
46.5
355
46.5
355

103 1.155E-34 3.180E-42 4. 680E-36 35.5
103 3.555E-38 9. 809E-45 1.460E-39 35.5



6 Xs;2 - 4 Xy 3S05.93940 3732.23210 104 7.217E-38 3.503E-44 3.020E-39 35.5

6 X2 - Xi2  3344.06080 3566.22050 106 2.147E-34 1.581E-42 8.680E-36 35.5
5 Xs2 - 3 X2 3394.49740 3625.55190 103 4.511E-31 1.120E-38 1.840E-32 35.5
5 X1/2 -3 X3/2 3231.55890 3471.25530 103 1.411E-34 3.320E-41 5. 820E-36 35.5
5 X3y - 3 Xj2 3561.76280 3790.57850 104 2.868E-34 1.2 GOE-40 1.21 OE-35 35.5
5 Xy2 - 3 X1/2 3398.82440 3625.47190 106 8.394E—31 5. 620E-39 3.420E-32 35.5
4 X3/2 -2 X3/2 3449.29400 3682.90040 103 1.890FE-27 4.220E-35 7.7 GOE-29 35.5
4 X;/g -2 Xa/z 3285.30650 3527.45500 103 G6.036E-311.280E-37 2.500E-32 35.5
4 X3/2 -2 X1/2 3617.62620 3848.95850 104 1.228E-30 4.900E-37 5.200E-32 35.5
4 Xl/2 - 2 X1/2 3453.63570 3682.76760 106 3.537E-27 2.1 GOE-351.440E-28 35.5
3 Xa;2 - 1 X3z 3504.15910 3740.31210 103 4.848E-24 9.740E-32 1.990E-25 35.5
3 Xy -1 X3/2 3339.13240 3583.70660 103 1.570E-27 3.020E34 6.540E-29 35.5
3 X3/2 -1 X1/2 3673.55130 3907.39480 104 3.194E-27 1.1 GOE-33 1.3 GOE-28 35.5
3 X1/2 -1 X1/2 3508.52460 3740.12930 106 9.054E-24 5.020E-32 3.720E-25 35.5
2 X3 - 0 X3/2 3559.09560 3797.81770 206 2.814E-202.550E-28 5.820E-22 35.5
2 X1/2 -0 X3/2 3392.97240 3640.13470 206 9.235E-24 7.690E-311.940E-25 35.5
2 X3/2 -0 X1/2 3729.49350 3966.00070 20S 1.879E-23 2.980E-30 4.030E-25 35.5
2 X]/z -0 X)/g 3563.49340 3797.37020 212 5.262E-201.33015-281.09012-21 35.5
The total number of lines of the isotope N0 i s 13,953
2a. |sotope N0 (56), totalband summary
Ve V'-y” Vmin Vmax #lines ¥ S S min S mex Jinax

1842.91770 1-0 1609.38540 2060.46250 699 1.917E-20 4.430E28 2.550E-22 35.5
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2b. Isotope ¥*N€Q (56), sub-band summary

&Jb‘band Vmin Vmax #|IneS 2 S Smin Smax \]m;_x

1Xs2 -0 X3z 1705, 67090 1937.21230 199 6.683E-21 5.000E-28 1.370E-22 3 5. 5
1 X2 -0 Xz 1609.58540 1768.04290 142 1.972E-24 4.430E-28 4.1 80E-26 26.5
1 Xa2 - o Xyy2 1892.71620 2060. 46250 156 4. 307E24 4.750E-28 8.950E-26 28.5
1 X2 - 0 Xyy2 1708.85690 1935.9790 202 1.248E-20 6.380E-28 2.500E-22 35.5

The total number of lines of the isotope **N¢0 is 699

3a. Isotope #N*¥0 (48), sub-band summary

Vo v'-v" Vmin Vmax #lines )] S Smin Smax Jmax

1S27.28440 1-0 1601.90940 2038.84610 679 1.054E-20 4.190E-28 1.390E-22 35.5

The total number of lines of the isotope **N*80 is 679

3b. Isotope *¥N*20, sub-band summary

&Jb'band Vmin Vm&x #||neS 2 S S min Smax Jmu

1 X3 - 0 Xgpz2 1692.55850 1920.16370 197 3.674E-21 5.4 GOE-28 7.440E23 35.5
1 Xy2 - 0 X372 1601.90940 1750.3s060 132 1.045E-24 4.490E-28 2.200E-26 24.5
1 Xs;2 - 0 Xy2 1880.24190 2038.84610 150 2.289E-24 4.190E-28 4.720E-26 27.5
1 Xi2z - 0 X2 1695.65800 1918. 95830 200 6.861E-21 G 310E28 1.390E-22 35.5

The total number of lines of the isotope N80 is 679

v values are in units of cm™?

S values are in units of cm’/( molec-em™?) at 296K

Sub-bands notation v Xgq - V¢ Xqu is short for v X 2[qr - v X 2w
Band centers (v,) for ¥N°0O (O- 1), (I-2) are from Coudert et al.33

All other N0 y, ‘are from Amiot.22 For *N160, ¥ N*f0 1/, see Gillis & Goldman.!?
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Table 2. origin of NO parameters in the 1996 HITRAN Database

Da 1 References .
Bands | sot ope Positions | HFS | Intensities Halfwidths T-dep | P-shft
Av=0 YN0 - Air Sel f
0-0 P&P Y P&p°® A&S? N 0.5 N
AV=1 16N16o
O-I°| main, satl | C. et al Y C. et al 0.054 N 0.71°¢ N
1-2°¢ mai n C. et al Y C. et al 0.059¢ N 0.71°¢ N
1-2 sat | G&G N G&G S. et alf L. Brown® 0.71° Yh
2-3! G&G N G&G S. et al1f | L. Brown’ | 0.71¢ Y"
3-4} G&G N G&G S. et al L. Brown® | 0.71° yh
4-5 G&G N G&G S. et a1t | L. Brown® | 0.71° Y'
15N160
0-1 G&G N G&G S. et al L. Brown’ | 0.71° Y"
1LN180
0-1 G&G N G&G s. etal’ L. Drown" 0.71’ yh
Av=2 N80
0-2 G&G N XRG s. @it ali* | L. Brown® | 0.71° Y
1-3' G&G N &G §. et ab* | L. Brown” | 0.71° Y
2-4f G&G N XRG S. et alf | L. Brown® | 0.71° "
3-5! G&G N G&G §. et akf | L. Brown® | 0.71° Y"
4-6i' G&G N G&G §. et al' | L. Brown® | 0.71¢ ¥
* Poynter & "Sel f broadening, ‘Update of all “I nadvertently, .Ballard et a1
Pickett', Abels & Shaw™ (O-1) lines, assumed 0. 05
used Q(300K), mai n branch (1-2) cm'atm™! (296K)
no isotopic 1 ines for all lines

abundance factor _
s Estimated fromS. et a1®

"N, broadening by r.R. Brown, 1996
" -0.0017 ecm'atm for unupdated Av=l_ (S. et al®) " Two A conponents J Error in
-0.004 cm'atm' for Av=2 (pine et a1*’ conbi ned intensity
normal i zation
A&S=Abels & Shaw'® p&p=Poynter & Pickett's (see text)

C. et al=Coudert et al® S. et "al=spencer et al?
G&G=Gillis & Goldman'®



Table 3. #N*O  XI(v". v'): Band intensities and maximum
intensities

Band Hitran 92 Hitran 96 DU 96
Seum Smez Ssum Smez Ssum Smez
Smeza Smez
O- O  .344e-19 .295e-21 .344e-19 .295e-21 .336e-19 .805e-21
0-0 .826e-21 .826e-21 .805e-21

O 1 .433e-17 .604e-19.459e-17.232¢-19 .45% 17 .621e-19

0-1 .619¢-19 .621e-19
1-2  .108e-20 .1435e-22 .100e-20 .504e-23 .986e-21 .133e-22
1-2 .134e-22 .133e-22

2-3 .202e-24 .540e-26 .202e-24 .540e-26 .183e-24 . 245e- 26
3-4 .379e-28 .101e-29 .379e-28 .10le-29 . 344e-28 .458e-30
4-5 .786e-32 .204e-33 .768e-32 .204e-33 .695e-32 .921e-34

O 2 .808e-19 .109e-20 .808e-19 -109e-20 826e-19 .114e-20
1-3  .139e-22 .372e-24 .139e-22 .372e-24 .271e-22 .37le-24
2-4  543e-26 .144e-27 .543e-26 .144e-27 .678e-26 .922e-28
3-5 .129e-29 .342e-31 .129e-29 .342e-31 .162e-29 .219e-31
4-6 .330e-33 .868-35 . 330e- 33 .86%-35 . 400e- 33 .537¢-35

3% T3- 1
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